Molecular investigations recently resurrected the Pacific marten (Martes caurina) as a species distinct from the American pine marten (M. americana). Previously, 2 hybrid zones for these species were identified, 1 in the northern Rocky Mountains and another on Kuiu Island off the coast of Southeast Alaska. We test the molecular perspectives on species status and hybridization using geometric morphometrics to characterize size and shape differences between North American marten species from 6 genetically defined populations: M. americana from interior Alaska, insular M. caurina from Admiralty Island in Southeast Alaska, M. caurina from Colorado, the 2 previously identified hybrid populations, and a third suspected hybrid population on neighboring Kupreanof Island. We found significant differences in shape supporting the designation of 2 morphological species, with M. caurina exhibiting a broader cranial shape and shorter rostrum. We also found significant size differences between species, and also between insular and mainland populations of M. caurina. Morphological intergradation of M. americana and M. caurina in both insular and mainland hybrid zones identified potentially admixed individuals in 2 of the 3 examined contact zones. Under the general lineage concept, our results support specieslevel classification of both M. americana and M. caurina and suggest that hybridization is geographically limited in scope or may not be effectively detected with morphometrics.
Molecular genetics has transformed the science of species delimitation and description; however, linking genetic divergence directly to phenotypic consequences implicated in evolutionary divergence can be difficult (Sloan et al. 2017) . Morphology, alternatively, has a long tradition in the field of systematics (Mayr 1942; Coyne 1994) . Although sometimes criticized as less objective than genetic metrics (Petersen and Seberg 1998) , morphological differences among closely related species are relevant for informing taxonomy and understanding ecological adaptation. New analytical advances, such as geometric morphometrics, have increased our ability to quantify shape variation independent of size (Zelditch et al. 2012 ) and more effectively delimit species (Clabaut et al. 2007; Cardini et al. 2009 ). Phenotypes are often acted upon by environmental selective pressures, allowing morphology to provide key insights into adaptive responses, and thus strengthening the argument for embracing the complementarity of molecules and morphology (Hillis 1987; Petersen and Seberg 1998) . For example, cranial morphology of carnivores and especially their highly specialized dentition has been tightly associated with diet (Goswami et al. 2011) , as well as other life history characteristics. In this case, taxonomy that is grounded in molecular phylogenetic relationships and then integrates morphological differentiation can begin to highlight potential ecological adaptations involved in carnivore divergence that may have influenced cranial evolution across variable environments (Nogueira et al. 2009 ).
Due to their close association with old-growth conifer forests (Yeager 1950; Mech and Rogers 1977; Buskirk et al. 1989) , martens (Martes americana and M. caurina) have been considered high-latitude indicator species by natural resource agencies as a proxy for the health of old-growth forests. In North America, boreal and montane forests have been fragmented due to extensive habitat conversion over the last half century (Masek et al. 2011; Potapov et al. 2017) . With projected warming trends (Pastor and Post 1988; La Sorte and Jetz 2010) and proposed timber harvests further impacting forest-associated species (e.g., Tongass National Forest-Flynn and Schumacher 1996) , understanding geographic variation, taxonomic limits, and the baseline distribution of diversity in these species will be essential to effective conservation of biodiversity. Management of martens in North America has been further complicated by these species' complex histories of refugial isolation in the Late Quaternary (Stone et al. 2002) and subsequent human-mediated wildlife translocations (Powell et al. 2012) . The integration of both genetic and morphological perspectives is required to more carefully define taxonomic boundaries and the role of introgression in the evolution and persistence of this species complex.
Pacific martens (M. caurina) are now considered independent from American martens (M. americana) under the genetic species concept (Baker and Bradley 2006) following a suite of molecular investigations that demonstrated nearly 5% mitochondrial divergence and substantial nuclear allelic sorting between the 2 species (Stone et al. 2002; Small et al. 2003; Dawson et al. 2017; Colella et al. 2018b) . Previously, M. caurina had been subsumed as a subspecies of M. americana following a spatially restricted morphological investigation (Wright 1953) that detected phenotypic intergradation within a marten hybrid zone in western Montana. More recently, the morphological distinctiveness of these 2 species was recently reaffirmed qualitatively (Dawson and Cook 2012) , but morphological differences have yet to be quantifiably reevaluated. Martes caurina has a fragmented distribution, endemic to at least 4 islands off North America's North Pacific Coast (Admiralty and Kuiu islands in the Alexander Archipelago of Southeast Alaska and Graham and Moresby islands in the Haida Gwaii Archipelago of British Columbia, Canada), isolated mountain ranges of the American Southwest and southern Rocky Mountains, and forests of the Pacific Northwest. In contrast, M. americana is more widespread, distributed throughout much of the boreal forests of northern North America (Fig. 1) . Due to the insular nature of northern M. caurina populations and the broad latitudinal distribution of both these species, we expect to detect significant size variation. Further, because cranial shape morphology can be strongly influenced by environmental differences (Ricklefs and Miles 1994; Tseng and Flynn 2018) , we expect the distinct geographic distributions of these species to be associated with different selective pressures. For example, available prey species, among other environmental conditions, are expected to differ between insular and continental populations (Ben-David et al. 1997; O'Brien et al. 2018) .
Despite strong evidence for independently evolving species, 2 hybrid zones between North American martens have been documented using genetic data: 1 along the northern Rocky Mountains spanning from southern British Columbia to western Montana, and another smaller zone on Kuiu Island in Southeast Alaska (Dawson et al. 2017; Colella et al. 2018b) , potentially spilling over onto neighboring Kupreanof Island. Overall introgression in these zones favors the leakage of M. caurina alleles into M. americana, but there also appears to be a sex-bias (female M. americana and male M. caurina -Colella et al. 2018b ) that causes overrepresentation of M. americana mitochondrial DNA across the landscape. We predict that admixed individuals will exhibit phenotypes intermediate to the parental species (Conroy and Gupta 2011) ; however, a directional bias in hybridization may skew hybrid morphology toward that of the parental population with the least incompatibilities or larger effective population size.
With a new understanding of the geographic distribution of genetic diversity in this system and an appreciation for the molecular distinction of M. caurina, we test the validity of North American species of Martes using geometric morphometrics under the general lineage concept (GLC). The GLC posits that species are separately evolving lineages that can be recognized using diverse secondary recognition criteria (De Queiroz 2007; Florio et al. 2012 ) including morphological, genetic, and ecological characters, among others. We also assess sexual dimorphism in this system, with the expectation that, within species, males will be larger than females (Smith and Schaefer 2002) . Last, we test whether individuals collected in hybrid zones can be confidently sorted into parental species based on morphology and determine if there is a distinct and potentially intermediate hybrid phenotype.
Materials and Methods
We imaged dorsal, ventral, and lateral aspects of adult marten crania representing M. americana collected in interior Alaska, M. caurina from Admiralty Island and Colorado, and 3 admixed localities: Kuiu and Kupreanof islands and the northern Rocky Mountains (Montana and British Columbia) based on specimen availability (Fig. 1) . Crania are housed at the Museum of Southwestern Biology (MSB) and University of Alaska Museum of the North (UAM), and were collected conforming to IACUC and ASM (Sikes et al. 2016) guidelines. Specimens were considered adult if they had fused cranial sutures and complete dental formulae (Dayan and Simberloff 1994; Peters et al. 2010) . Images were collected using a Canon DSLR D5200 (Canon Inc., Tokyo, Japan) fixed 33 cm above the specimen. For all aspects, specimens were aligned with the horizontal plane by eye, with the hard palette parallel to the imaging surface. Orientation aimed to maximize the number of reproducible landmarks within the same plane and to fully characterize cranial variation. Images were taken every 2 degrees of focus (Helicon Remote) and combined into a single high-resolution image (Helicon Focus; www.heliconsoft.com/heliconsoft-products/helicon-focus).
Homologous landmarks (ventral = 45, lateral = 21, dorsal = 20) , selected based on comparable studies of cranial morphology in carnivores (Meyers 2007; Peters et al. 2010; Goswami et al. 2011) , were digitized in TPSdig (Rohlf 2006; Fig. 2 ; Supplementary Data SD1-SD3) by the same observer (EJJ) to minimize placement error. Aspects with missing landmarks were removed from analysis. In total, we analyzed 157 marten crania: 33 M. americana, 62 M. caurina, and 62 from admixed localities (Supplementary Data SD4, Appendix I).
Unless noted, all statistical analyses were conducted in the R package: geomorph (Adams et al. 2004a) . A generalized Procrustes analysis (GPA) eliminated variance caused by rotation, translation, and scale based on the unit centroid size (CS) of our samples. Outliers were identified within each sex and again within sex and species (plotOutliers function) with consistent outliers across aspects removed from downstream analysis. An additional GPA was run on the final curated data set for each aspect. We ran a Procrustes analysis of variance (Procrustes ANOVA, α < 0.05) using the procD.lm function in Geomorph and principal component analysis (PCA) on the GPA-adjusted coordinates to test for sexual dimorphism across all Martes, within each species, and for insular versus mainland M. caurina. CS (± SD) was calculated and contrasted (unpaired 2-sample t-test using the t.test function in R; α < 0.05) between groups as a proxy for overall size (Bookstein 1996; Slice et al. 1996; Klingenberg 2016) . We estimated mean shapes (mshape) of males and females and visualized shape differences between the sexes for all Martes and within each species using the plotRefToTarget function in Geomorph. We calculated the Procrustes distance between sexes and species using the procdist function in the shapes package in R (Dryden and Mardia 2016) . Sexual shape dimorphism was also visualized with a PCA and canonical variate analysis (CVA) using the CVA function in the Morpho R package (Schlager 2013) . To test for size and shape differentiation between species (hybrid localities excluded), we ran a multivariate Procrustes ANOVA (α < 0.05) to quantify the degree of shape variation explained by size, species assignment, island-mainland collection localities, and the interactions between these variables. In a second analysis, we extracted residual shape variation from a Procrustes ANOVA (shape ~ size) and tested the influence of island-mainland collection localities and species assignment independent of allometric variation, which may reflect ecologically relevant shape variation. Shape differences between species are visualized as relative landmark displacement diagrams. Residual shape differences that are not correlated with size may speak to ecologically relevant shape differences that may underlie the speciation process. Particularly because body size is highly variable in mammals, the examination of size-free shape differences is particularly informative at shallow phylogenetic levels (Klingenberg 1996 (Klingenberg , 2016 .
The ventral aspect has the most homologous landmarks and shows the greatest shape differentiation between species and populations (Figs. 2 and 3); therefore, we trained a linear discriminate analysis (LDA; lda function, MASS package in R-Venables and Ripley 2002) on the ventral GPA-aligned coordinates of "pure" M. americana and M. caurina populations. To adjust the ratio of the number of landmarks to the number of specimens (Klingenberg and Monteiro 2005) , we reflected bilateral landmarks across the midline and averaged the right and left sides of the cranium for each specimen using the bilat.sym function (object.sym = TRUE) reducing 45 landmarks (40 bilateral, 5 midline) to 20 averaged, single-side landmarks for use in our LDA analysis. Symmetric shape components (sym.shape) were extracted and an LDA was trained on the reduced coordinate set, separately for males and females. Because our previous analyses (PCA; Fig. 3 ; Tables 1-3) identified significant differentiation between M. americana, mainland M. caurina, and insular M. caurina, we also trained our LDA on these 3 groups in addition to parsing the 2 species. To assess the accuracy of our models after training, we used a standard jackknife resampling procedure (e.g., leave-one-out cross-validation with the option CV = TRUE) on the training data. We then used the calibrated models to assign individuals collected within known contact zones into a species group (M. americana or insular-mainland M. caurina). Specimens classified with < 95% certainty were considered to be putative hybrids. A PCA was used to visualize the placement of admixed individuals relative to parent species. Specimen completeness and landmark availability for each aspect indicated that the ventral aspect was most informative. This result was unsurprising, as the ventral surface has far more homologous features (e.g., sutures, processes, and tooth alveoli) within a single plane and can potentially provide insight into ecological responses related to mastication and other aspects of feeding. The lateral aspect showed the least variation, but also had the fewest landmarks and intact specimens available for analysis.
Sexual dimorphism and species differentiation.-We detected significant (P < 0.01) size and shape differentiation between male and female Martes (Fig. 4 ; Tables 1-3; Supplementary Data SD5-SD10), with males being slightly larger and females having an anteroposteriorly elongated braincase and anteriorly shifted facial structure (Fig. 5) . When pooled together, males were almost 8% larger (CS) than females; however, the populations examined varied significantly in size (Tables 1 and 3 ; Supplementary Data SD10), so comparisons between sexes at the population level may be more informative. The lateral aspect for M. americana was not significantly different in size or shape between males and females (Table 3) . Within M. americana, males were approximately 15% larger than females. Mainland M. caurina males were also 15% larger than their mainland female counterparts, while insular M. caurina males were only about 10% larger (Table 1) (Table 2) .
Between the 2 species, we found significant differences in shape for each sex and across all aspects, but no significant size difference ( (Table 1) . Therefore, averaging M. caurina populations together effectively masks the significant variation in cranial size between insular and mainland populations. Compared to M. americana, crania of male and female M. caurina (both insular and mainland) were broader or more anteroposteriorly compressed in shape, rostra were notably wider and shorter, and the facial region was shifted posteriorly (Fig. 5) .
Within each sex, the variables examined (species, islandmainland locality, size, and interactions) accounted for 46-50% of the total variation in male shape and 50-53% of the total variation in female shape, depending on aspect (Supplementary Data SD11). Shape covaried significantly with size, particularly for males (Supplementary Data SD9). Therefore, after removing shape variation explained by allometry, we found that island and mainland collection localities accounted for 16% of male shape variation on average across aspects and 22% of the female shape variation. Species identity accounted for almost 10% of the residual shape variation (Supplementary Data SD12). On average, 67% of female and 75% of male residual shape variation remained unexplained by the factors examined (Supplementary Data SD12) .
Hybrid identification.-Leave-one-out, cross-validation of the trained ventral LDA found that our model classified individuals collected outside of known hybrid zones with 100% accuracy. Of the 62 specimens (35 male, 27 female) collected in hybrid zones, the LDA identified 49 as belonging to either parental species with high confidence: 28 M. americana and (Tables 4 and 5 ). Dorsal and lateral LDA results (Supplementary Data SD13 and SD14) generally agreed, with most individuals confidently assigned to a parental type. A confusion matrix contrasting actual versus predicted species assignments found the dorsal-calibrated LDA to be 90% accurate for females for both the 2-and 3-population models and to be 91% or 97% accurate for males, for the different population models, respectively. The lateral-trained LDA had substantially fewer specimens in the training data set, but was cross-validated as 100% accurate for both sexes, under both population models. Morphotypes representing both species were detected in the Rocky Mountain and Kupreanof Island hybrid zones. No M. americana were detected on Kuiu Island; however, 1 male was identified as potentially admixed, while the remaining 2 male and 2 female samples analyzed from Kuiu Island were classified as insular M. caurina (Tables 4 and 5 ). In the Rocky Mountain contact zone, 15 specimens (4 male, 11 female) were classified as M. americana, 11 as M. caurina (8 male, 3 female), and 7 males and 1 female remained unsorted or variably sorted into either species. On Kupreanof Island, we identified 14 M. americana (9 male, 5 female), 5 M. caurina (1 male, 4 female), and 4 unsorted specimens (3 male, 1 female). Most Rocky Mountain specimens classified as M. caurina were identified as morphologically similar to mainland M. caurina, 
discussion
Phylogeographic analyses of numerous mammalian species have uncovered cryptic species previously undetected by traditional morphological inquiry (e.g., Pfenninger and Schwenk 2007; Hope et al. 2016; Morales et al. 2017 ). In the case of North American martens, a series of genetic studies (Carr and Hicks 1997; Stone et al. 2002; Small et al. 2003; Dawson et al. 2017) suggested the persistence of 2 distinct species, consistent with the original work of Turton (1806) and Merriam (1890) . Our assessment of cranial morphology also supports specieslevel differentiation between M. americana and M. caurina. These species of Martes are almost completely nonoverlapping in shape space (Fig. 3) , with M. caurina exhibiting a laterally dilated rostrum and greater mastoidal breadth compared to M. americana (Fig. 5) , despite substantial intraspecific differences in size within M. caurina. Under the GLC, our evidence of morphological differentiation further supports the independence of these species. Evidence of significant interspecific shape differences, despite insignificant differences in size when M. caurina populations are treated as a single species (Tables 1 and 3 ; Supplementary Data SD10), may partially explain Wright's (1953) conclusion of "morphological intergradation" within the Rocky Mountain hybrid zone, which led to M. caurina being subsumed into M. americana as a subspecies. Wright's sampling was restricted to the northern Rocky Mountain hybrid zone and the linear measurements he used did not fully reveal the shape differences evidenced here with geometric morphometrics (Bookstein et al. 1985) . Geometric morphometric methods enable the separation of size and shape variables and provided a finer parsing of morphological differences separating these species (Adams et al. 2004b; Zelditch et al. 2012) , differences that appear substantial even within the 3 hybrid zones, as the majority of specimens collected in these zones were confidently sorted into parental species.
Dietary, ecological, and life history characteristics are known to impact the evolution of cranial shape in mammals (Tseng and Flynn 2018) . Because the populations examined occur in distinct environments-M. americana inhabits the higher-latitude taiga of northern North America, while insular M. caurina persist in temperate old-growth coastal forests, and mainland M. caurina inhabit the forests of the southern Rockies, intermountain west, and southwestern sky islandsmorphological divergence is expected (Coyne and Orr 2004) . Greater rostral and mastoidal breadth, as is particularly evident in insular M. caurina relative to M. americana (Fig. 5) , have been correlated with increased bite force (Radinsky 1981; (Gordon and Illius 1994) . These significant phenotypic differences could indicate dietary niche divergence between insular and mainland martens (Dayan et al. 1989; Dayan and Simberloff 1994; Christiansen and Wroe 2007) . Marine prey items (e.g., crab, fish, intertidal crustaceans), in addition to terrestrial forage (e.g., small vertebrates, carrion, bird eggs, insects, fruits-Martin 1994), comprise a portion of the diets of insular M. caurina (Foster 1965; Ben-David et al. 1997 ) and require greater mastication force to process, potentially creating a selective force for increased rostral breadth (e.g., otters-Timm-Davis et al. 2015; eels-De Meyer et al. 2017). The strength of selection, in this case, is expected to increase relative to the proportion of marine prey items included in the diets of insular martens. Although the anteroposteriorly compressed rostrum and crania of M. caurina support increased biting strength for durophagy relative to M. americana, the more elongate and laterally compressed cranium of M. americana may have similarly evolved to increased biting speed, which may be more advantageous in catching terrestrial prey, such as rodents (Slater et al. 2009 ); however, further investigation is necessary to test these hypotheses. Evolution may be further impacted by small effective population sizes (Ohta 1972) , isolation (insularization or fragmentation-Coyne and Orr 2004), and competitive release Darimont et al. 2009; Stronen et al. 2014) . However, these possibilities also remain to be explored. Access to marine prey items may further explain why the skulls of insular and mainland M. caurina populations also differ significantly in both size and shape (Table 3) . Insular M. caurina exhibit greater anteroposterior compression and lateral dilation of the crania relative to mainland populations (Fig. 5) . Residual shape similarities between insular and mainland M. caurina populations may reflect the recent shared ancestry of M. caurina populations, and may also point to a deeper coastal history for this species, in contrast to the continental history of M. americana (Stone et al. 2002) . Over time, access to marine prey items in populations of M. americana that have recently colonized coastal and island environments may produce a broader rostrum and shorter braincase.
In addition to intra-and interspecific differentiation, we detected significant sexual dimorphism in North American Martes, consistent with previous investigations (Clark et al. 1987; Giannico and Nagorsen 1989) , with males generally larger than females (15% larger in M. americana and mainland M. caurina and 10% in insular M. caurina). However, contrary to Giannico and Nagorsen's (1989) conclusions but consistent with recent musteline morphological investigations (Meiri et al. 2007 ), we found less-pronounced sexual dimorphism in insular M. caurina compared to their mainland conspecifics (Table 1; Supplementary Data SD6 and SD9) . This difference may reflect problematic population assignments by Giannico and Nagorsen (1989) , who mistakenly considered introduced populations of M. americana on Chichagof and Baranof islands in Southeast Alaska to be representatives of insular M. caurina (Powell et al. 2012) , thereby confounding their estimates of sexual dimorphism. Alternatively, even in markedly dimorphic systems, lessened insular dimorphism, as evidenced here, has been documented as a consequence of insular environments where there may be fewer available prey species to support and maintain larger-bodied species (Wikelski and Trillmich 1997) . In Martes, both sexes are larger than the 100 g "island rule" (Foster 1964) 
threshold (females 280-850 g, males 470-1,250 g- Clark et al. 1987 ) that posits that insular species weighing more than 100 g should evolve to be smaller than their mainland counterparts (Brown et al. 1993 (Bergmann 1847) , which holds true in some mammals (Ashton et al. 2000) , including weasels (Ralls and Harvey 1985) . Further, given that endemic M. caurina may have persisted on some of these islands for several thousand years, while insular M. americana have colonized or been introduced to these islands within the last century, it is curious that our preliminary infraspecific analyses showed less intraspecific variation in the more widely distributed M. americana, compared to M. caurina. Deeper exploration of these patterns should be pursued. Detection of morphotypes representing both species in the Rocky Mountain and Kupreanof Island hybrid zones and a potentially admixed individual on Kuiu Island confirms that both parental species are present in each of these regions and have the capacity to interbreed. Consistent with genetic data, few hybrids were detected, unfortunately making it difficult to discern a hybrid phenotype but perhaps indicating that hybridization between these species is maladaptive and that the offspring of such crosses either occur infrequently or may not survive to adulthood. Although we were unable to morphologically confirm whether there is a directional sex-bias to interspecific Martes crosses, we did identify substantially more potentially admixed males (n = 11) than females (n = 2). This result could indicate a sex-bias in the survivorship of hybrid offspring, but further sampling is necessary. Most samples collected on Kupreanof Island (61%) were assigned to M. americana, and the majority of Kuiu Island samples (80%) were assigned to M. caurina, suggesting a stepwise natural invasion of M. americana from the coastal continental mainland into the nearshore islands of Southeast Alaska, in addition to documented introductions (Fig. 1C) . Our results are consistent with Colella et al.'s (2018b) genetic investigation demonstrating the directional loss of M. caurina alleles in response to increased hybridization with M. americana. Extended contact between species is correlated with an increase in the number of potentially admixed individuals detected in a region: 8 in the northern Rocky Mountain hybrid zone (7 males and 1 female), 4 on Kupreanof Island (3 males, 1 female), and 1 admixed male on recently invaded Kuiu Island (Tables 4 and 5) .
Elevated numbers of M. americana females (Table 4) in both the Rocky Mountain (73%) and Kupreanof Island (50%) hybrid zones suggest that M. caurina in these zones may be at increased risk of demographic genetic swamping, as molecular investigations indicate that hybrid offspring are more often the result of crosses between a female M. americana and a male M. caurina (Colella et al. 2018b) . Detection of high numbers of M. americana in the Rocky Mountains and on nearshore Kupreanof Island and absence of M. americana on Kuiu Island, further from the coastline, highlights the successive and relatively recent invasion of Southeast Alaska by expanding mainland M. americana populations (Fig. 1C) . Without intervention, we expect M. americana to continue to colonize Kuiu Island, which could result in the extirpation of M. caurina from this island as a consequence of directionally biased gene flow (Colella et al. 2018b) , promoting the loss of derived M. caurina traits (alleles and morphology) through recurrent dilution by invading M. americana. However, significant differences in body size, particularly within the islands of Southeast Alaska, may facilitate conspecific recognition and assortative mating. As in other Southeast Alaskan mustelids (Colella et al. 2018a) , the history of introgression in martens may be more complex than currently realized, with different populations experiencing varying degrees of gene flow and isolated divergence throughout their evolutionary history. A majority of M. caurina morphotypes on Kuiu Island is especially compelling in light of recent and proposed timber sales on Kuiu Island targeting up to 33 million board feet of old-growth forest (USDA 2007 (USDA , 2008 . Anthropogenic habitat modification is linked to an increase in maladaptive hybridization (Todesco et al. 2016) , suggesting that proposed deforestation may disproportionally impact insular endemic populations of M. caurina. As a geographically widespread post-glacial colonizer now inhabiting numerous near-coastal islands in Southeast Alaska, M. americana is expected to successfully establish in the region, further increasing the demographic imbalance present in this insular system, increasing resource competition, and increasing the frequency of contact and subsequent hybridization between these 2 genetically and morphologically divergent Martes species.
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